We propose an exploratory clinical study, the first of its kind to our knowledge, to determine the safety and potential clinical benefit of the combination of the HIV protease inhibitors (HIV-PIs) saquinavir and ritonavir (SQV+RIT) in patients with idiopathic pulmonary arterial hypertension (IPAH). This study is based on evidence that (1) HIV-PIs can improve pulmonary hemodynamics in experimental models; (2) both Toll-like receptor 4 and high-mobility group box 1 (HMGB1) participate in the pathogenesis of experimental pulmonary hypertension; and (3) a high-throughput screen for inhibitors of HMGB1-induced macrophage activation yielded HIV-PIs as potent inhibitors of HMGB1-induced cytokine production. In this proposed open-label, pre-post study, micro, low, and standard doses of SQV+RIT will be given to IPAH patients for 14 days. Patients will receive follow-up for the next 14 days. The primary outcome to be evaluated is change in HMGB1 level from baseline at 14 days. The secondary outcome is changes in tumor necrosis factor α, interleukin 1β, interleukin 6, C-reactive protein, pulmonary arterial pressure based on echocardiography parameters and New York Heart Association/World Health Organization functional class, and Brog dyspnea scale index from baseline at 14 days. Other secondary measurements will include N-terminal pro-brain natriuretic peptide, atrial natriuretic peptide, and 6-minute walk distance. We propose that SQV+RIT treatment will improve inflammatory disorders and pulmonary hemodynamics in IPAH patients. If the data support a potentially useful therapeutic effect and suggest that SQV+RIT is safe in IPAH patients, the study will warrant further investigation. Pulmonary arterial hypertension (PAH) is a relatively rare and devastating illness characterized by high mortality.
Pulmonary arterial hypertension (PAH) is a relatively rare and devastating illness characterized by high mortality. 1, 2 The 1993 American College of Chest Physicians consensus statement reported that the incidence of PAH ranges from 1 to 2 cases per million people. 3 Median age at diagnosis was 36 years, and median survival for all patients in the National Heart, Lung, and Blood Institute Patient Registry for the Characterization of Primary Pulmonary Hypertension was 2.8 years; 1-, 3-, and 5-year survival was 68%, 48%, and 34%, respectively. 1 With the advent of new drug therapy, PAH 1-, 3-, 5-, and 7-year survival improved to 91%, 74%, 65%, and 59%, respectively, for patients with idiopathic/familial PAH, in the REVEAL registry study reported in 2012. 4 Despite these improvements in outcome, mortality remains unacceptably high. The lack of a routine screening test for PAH and the fact that early symptoms are nonspecific mean that patients typically present with advanced disease. Previous studies 5, 6 showed that mutations in the bone morphogenetic protein receptor type 2 (BMPR2) gene are linked to susceptibility to both the familial and sporadic forms of PAH. However, because the penetrance of disease for known BMPR2 mutations ranges from 15% to 80%, 7 additional "hits" must be required for disease initiation. The exact nature of these factors remains unclear, but inflammation and immunity have been widely implicated.
Inflammation is increasingly recognized as a feature of PAH, as suggested by infiltration of inflammatory cells, including macrophages, T and B lymphocytes, and dendritic cells within pulmonary perivascular spaces and the plexiform lesions associated with PAH. 8, 9 In addition, increased cytokine and growth factor expression is observed in the remodeled pulmonary vessels, while elevated circulating levels of certain chemokines, cytokines, and autoantibodies are also associated with pulmonary hypertension. [10] [11] [12] [13] [14] [15] [16] [17] These observations have led to the proposal that a cascade of pathological vascular events, combined with persistent local inflammation, leads to vasoconstric-tion and vascular remodeling. Preclinical trials targeting specific inflammatory pathways have shown promising results in animal models. [18] [19] [20] Toll-like receptors (TLRs) play a key role in innate immune responses by initiating specific antimicrobial response pathways after the recognition of signature molecular motifs in molecules of invading pathogens. Some TLRs (e.g., TLR4) can also be activated by endogenous molecules released by stressed or damaged tissue. This initiates signaling cascades that result in the upregulation of inflammatory mediators. 21 Experimental evidence indicates that both TLR4 22, 23 and one of its ligands, high-mobility group box 1 (HMGB1), participate in the pathogenesis of experimental pulmonary hypertension. 16 It has been recently shown that either neutralizing HMGB1
or deleting TLR4 confers protection in experimental PAH models. 24 Our preliminary data also revealed elevated HMGB1 blood levels in idiopathic PAH (IPAH) patients (Fig. 1) . Histological assay has also demonstrated increased HMGB1 expression in the pulmonary arteries of IPAH patients. 24 Recently, two groups confirmed that HMGB1 was a promoting factor in experimental pulmonary hypertension and that inhibiting HMGB1 or blocking the activity of HMGB1 attenuates pulmonary hypertension progression. 25, 26 HMGB1 is passively released during cell injury and necrosis or actively secreted during cell activation and stress. Thus, HMGB1 has emerged as an important damage-associated molecular pattern.
27
HMGB1 expresses inflammatory cytokine activity by binding to the TLR4/MD2 receptor complex on macrophages and stimulating release of tumor necrosis factor α (TNF-α) and other cytokines. 28 TNF-α is a key cytokine that is largely produced by activated macrophages but, importantly, is also released by vascular smooth muscle cells 29 and endothelial cells. 30 In clinical studies of PAH patients, serum levels of TNF-α and other proinflammatory cytokines, including interleukin 1β (IL-1β), interleukin 2 (IL-2), interleukin 6 (IL-6), interleukin 8 (IL-8), and interleukin 12p70 (IL-12p70), are elevated compared to those of healthy controls. Elevated levels of these cytokines are associated with lower survival rates. 17 Inflammatory processes appear to play an important role in the vascular remodeling of PAH, and the activated HMGB1/TLR4 signaling pathway might be an important target for PAH therapy. Whether blocking TLR4 signaling could reduce the inflammatory response (including HMGB1) during PAH and improve the clinical course of PAH patients is unclear. A high-throughput screen for inhibitors of HMGB1-induced macrophage TNF production yielded first-generation HIV protease inhibitors (HIV-PIs) as potent inhibitors of HMGB1-induced cytokine production. 31 The most potent inhibitor of macrophage activation via TLR4 identified in the screen is saquinavir (SQV; T. R. Billiar, unpublished data). SQV has been shown to inhibit activity of several mammalian proteases, including the matrix metalloproteinase 2, 20S, and 26S proteasomes. This activity has been associated with a suppression of PI3K/Akt signaling, nuclear factor κB activation, and TNF levels. [32] [33] [34] [35] [36] [37] Firstgeneration HIV-PIs have been used for prolonged periods without severe side effects in HIV seropositive subjects of any age. Recently, a 6-month course of SQV was shown to improve steroid-resistant nephrotic syndrome in humans. 35 Interestingly, Gary-Bobo et al. 34 recently showed that HIV-PIs can improve pulmonary hemodynamics in experimental models of PAH. On the basis of these studies in humans and experimental systems, we propose a trial to determine whether HIV-PIs will alter the inflammation biomarkers and pathobiology of IPAH. Patients will receive SQV plus ritonavir (RIT; SQV+RIT) treatment. RIT is also a first-generation HIV-PI but is used primarily to increase the bioavailability of SQV.
38,39 A 28-day, open-label, single-blind, prepost study will investigate whether SQV+RIT will reduce biomarkers of inflammation and improve pulmonary hemodynamics in IPAH patients. If results of this study yield positive results, we would propose further investigation of this drug combination to treat refractory IPAH. IPAH patients whose condition has been stable with their current therapy for the preceding 3 months will be enrolled into the study, following informed consent. Patients will be divided into 3 cohorts. Groups will receive SQV+RIT in either micro (SQV 0.3 mg/kg, RIT 0.03 mg/kg), low (SQV 3 mg/kg, RIT 0.3 mg/kg), or standard (SQV 15 mg/kg, RIT 1.5 mg/kg) doses twice daily. Trials will continue only when the dose is well tolerated.
METHODS

Ethics statement
This study is an open-label, single-blind, and pre-post pilot trial with 3 cohorts to evaluate the safety and efficacy of different doses of SQV+RIT in IPAH patients. The study will take place at Xiangya Hospital, Central South University, Changsha, China. After 14 days of SQV+RIT treatment, all patients will be followed for an additional 14 days to measure biomarkers, pulmonary artery pressures, and other indices. The protocol and the informed-consent document Figure 1 . Serum high-mobility group box 1 (HMGB1) levels in patients with different types of pulmonary arterial hypertension (PAH). CTD-PAH: connective tissue disease-associated PAH; CTPH: chronic thromboembolic pulmonary hypertension; CHD-PAH: congenital heart disease-associated PAH; IPAH: idiopathic PAH. **P < 0.01. for this trial are available online as supporting information. The Institutional Review Board (IRB) of the Third Xiangya Hospital, Central South University (no. 13022), and the IRB of Xiangya Hospital, Central South University (no. 201401013), have approved the study as an off-label use of an approved drug. IRB membership included experts on medicine and law and community representatives. This trial has been registered in the ClinicalTrials.gov protocol registration system (identifier no. NCT02023450).
Study subjects
Twenty patients with IPAH will be recruited in the study. Diagnosis of PAH via right heart catheterization will be required, with evidence of a resting mean pulmonary artery pressure (mPAP) of ≥25 mmHg, a pulmonary capillary wedge pressure of ≤15 mmHg, and normal or reduced cardiac output. The inclusion and exclusion criteria are listed in Table 1 .
Study design rationale
The three main considerations in the study design are (1) study entry criteria, (2) SQV+RIT dosing and frequency of administration, and (3) timing of end points to capture onset and duration of effect.
1. Recently, increased circulating levels of monocyte chemoattractant protein 1, TNF-α, and other proinflammatory cytokines, including IL-1β, IL-2, IL-6, IL-8, and IL-12p70, have been observed in patients with IPAH, compared to healthy controls. 17 Preliminary data from studies conducted in China and the United States by the authors also revealed elevated HMGB1 blood levels in IPAH patients. To include patients with a range of inflammatory biomarker levels, patients will be enrolled by considering clinical criteria and not baseline biomarker levels.
2. Patients will be divided into 3 cohort studies in sequence. These include groups to be treated with micro (1/50 of the standard dose), low (1/5 of the standard dose), and standard doses of SQV (15 mg/kg) and RIT (1.5 mg/kg) twice daily. The two main considerations of the design are as follows. (a) The primary purpose is to determine the potential targeting effect of SQV+RIT on the levels of HMGB1 and other inflammatory biomarkers in IPAH patients. The 2 low-dose groups will provide insight on the minimal dose needed to observe any effect. The protocol may be revised on the basis of results from micro and low-dose groups. (b) The safety of SQV+RIT is well established in Western countries. 38 However, SQV+RIT has not been extensively studied in the Chinese population. Our dosing strategy is also intended to establish the safety of SQV+RIT. Only if the lower doses are well tolerated will the standard HIV dose be given. 3. Results from animal experiments indicate that treatment for 7 days with HIV-PI (amprenavir, RIT, or nelfinavir) improves pulmonary hemodynamics and prevents muscularization of pulmonary vessels. 24 Patients will undergo 14 days of treatment and another 14 days of observation. The expected outcome in IPAH patients is a reduction in the level of HMGB1 and other inflammatory factors. Pulmonary artery pressure and symptom improvement will also be assessed. HMGB1 and other inflammatory factors will be measured at day 1 and day 2 to establish the baseline levels and then again on days 14 and 28. Pulmonary artery pressure changes will be tested with echocardiography. The flow diagram of the study is shown in Figure 2 . Testing will be considered complete for the purpose of this study once subjects reach the end of day 28. The end of the study is defined as the last visit of the last subject undergoing the trial.
Recruitment
Patients will be identified and screened on the basis of clinical data collected during routine outpatient appointments at Xiangya Hospital. Potential subjects will be identified by the physician investigator, who is also the treating physician. The physician investigator, who already has knowledge of and access to the patients' information, will review records to identify potential research subjects for the study. After identifying potentially eligible subjects, the physician investigator will approach them to discuss the research opportunity.
To minimize the possibility that patients will feel obligated to participate, investigators will reiterate to them that their participation is voluntary, that they do not have to participate, and that the decision not to participate will not affect their care now or in the future. The physician investigator will also allow patients to make further inquiries if they are interested.
Twenty patients who are eligible to participate in the study will be required to read and sign the informed consent. The first 3 eligible patients will be entered into the micro-dose group, and next 3 patients will be entered into the low-dose group. After a 1-month washout period, those 6 patients will be offered the opportunity to be entered into the standard-dose group.
Investigational drugs
Patients who are eligible to participate in the study will receive SQV+RIT treatment. SQV was the first HIV-PI approved by the US Food and Drug Administration (FDA) and has been shown to be safe even when chronically administered to humans. SQV is typically administered with RIT, which increases the bioavailability of SQV. 38, 39 The FDA-approved dosage of SQV+RIT for HIV infection is SQV 1,000 mg twice daily (5 × 200-mg capsules or 2 × 500-mg tablets), in combination with RIT 100 mg twice daily. RIT is to be taken at the same time as SQV and within 2 hours after a meal. An abundance of clinical studies have demonstrated that this regimen is well tolerated and safe in HIV-infected subjects. [38] [39] [40] [41] [42] A pilot study was conducted in steroid-dependent and steroidresistant nephrotic syndrome patients treated with SQV (30 mg/kg/ day) for at least 6 months; clinical benefit was observed, and no adverse drug reaction was reported, apart from transitory mild diarrhea. 35 To ensure the safety of SQV+RIT in IPAH patients, besides contraindicated drugs, we will define potential interaction medications and formulate management of each drug ( Table 2 ). All SQV and RIT capsules are labeled, packaged, and distributed by Roche Pharmaceuticals and directly transported and repacked at Fangsheng Pharmaceuticals in Changsha, China. Baseline systemic hypotension, defined as MAP < 50 mmHg Requires intravenous inotropes within 30 days before study participation Has uncontrolled systemic hypertension, as evidenced by sitting systolic BP > 160 mmHg or sitting diastolic BP > 100 mmHg at screening History of portal hypertension or chronic liver disease, including cirrhosis, chronic alcoholism, hepatitis B, and/or hepatitis C (with evidence of recent infection and/or active virus replication), defined as moderate-to-severe hepatic impairment (Child-Pugh class B or C) Chronic renal insufficiency, as defined by serum creatinine > 2.5 mg/dL at screening, or requires dialysis support Hemoglobin concentration < 9 g/dL at screening History of atrial septostomy Repaired or unrepaired congenital heart disease Pericardial constriction Restrictive or congestive cardiomyopathy LVEF <40%, as shown by MUGA, angiography, or echocardiography Symptomatic coronary disease with demonstrable ischemia Other severe acute or chronic medical or laboratory abnormality that may increase the risk associated with study participation or investigational product administration or may interfere with the interpretation of study results and, in the judgment of the investigator, would make the subject inappropriate for this study Psychiatric, addictive, or other disorder that compromises the ability to give informed consent for participating in this study; this includes recent history of alcohol or illicit drug abuse 30 days before study screening (day 1) and for the duration of the study Poorly controlled asthma, defined by active wheezing and/or cough with FEV1 < 70% predicted, responsive to inhaled BD (>15% increase in FEV1 with BD) Clinically significant intercurrent illness (including lower respiratory tract infection) or clinically significant surgery within 4 weeks before the administration of study drug History of hypersensitivity or idiosyncratic reaction to drugs from multiple drug classes Receipt of an investigational product or device or participation in a drug research study within a period of 15 days (or 5 half-lives of the drug, whichever is longer) before the first dose of study drug Blood loss or blood donation > 550 mL within 90 days or plasma donation > 500 mL within 14 days before administration of study drug QTc interval > 450 ms Diabetes mellitus, as defined by symptoms of hyperglycemia and serum fasting plasma glucose level ≥ 7.0 mmol/L or casual plasma glucose ≥ 11.1 mmol/L at screen Hyperlipidemia, defined as TC ≥ 6.22 mmol/L, LDL-C ≥ 4.14 mmol/L, or TG ≥ 2.26 mmol/L History of Crohn's disease, ulcerative colitis, inflammatory bowel disease, etc. Unwilling to take contraceptive measures during the study Use of certain other medications requires evaluation for possible exclusion based on the potential for adverse drug interactions Note: BD: bronchodilator; BP: blood pressure; FEV1: forced expiratory volume after 1 s; LDL-C: low-density lipoprotein cholesterol; LVEF: left ventricular ejection fraction; MAP: mean arterial pressure; mPAP: mean pulmonary artery pressure; MUGA: multiple-gated acquisition scan; PH: pulmonary hypertension; PAH: pulmonary arterial hypertension; TC: total cholesterol; TG: triglycerides.
Outcome measures and data collection
All visits and assessments described in this section are summarized in Table 3 .
Primary outcome measures. The primary measure of efficacy will be change in HMGB1 level from baseline at 14 days, measured with an enzyme-linked immunosorbent assay (ELISA) kit.
Secondary outcome measures. To determine whether short-term use of SQV+RIT reduces inflammatory biomarkers, the parameters of TNF-α, IL-1β, IL-6, N-terminal pro-brain natriuretic peptide (NTproBNP), and C-reactive protein (CRP) will be measured in the blood with ELISA kits. Changes in pulmonary artery pressure, total right heart function, New York Heart Association/World Health Organization (NYHA/WHO) functional class, and Brog dyspnea scale index from baseline will also be assessed at 14 days.
A summary of how measurements will be made is as follows:
• Inflammation biomarkers: HMGB1, TNF-α, IL-1β, IL-6, and CRP measurements will be executed with specific ELISA kits.
• Heart failure indicator: NT-ProBNP and atrial natriuretic peptide measurements will be executed with specific ELISA kits.
• Cardiopulmonary hemodynamics: pulmonary arterial pressure and cardiac output measurements will be executed with echocardiography.
• The 6-minute walk distance (6MWD) and Brog dyspnea scale will be measured according to American Thoracic Society guidelines.
• NYHA/WHO functional class will be assessed according to standard guidelines.
Statistical methods
This is an open label, single-blind, pre-post clinical study with 3 cohorts. Both patients and physicians will know the type and dosing of the research drugs. The statistician analyzing the results will be blinded to the study cohort. All causes of missing data will be collected and reviewed to determine the type of missing outcome data. All data will be analyzed at the Center of Clinical Pharmacology at the Third Xiangya Hospital with the single-blind analysis method. A full statistical-analysis plan will be developed for each end point. A T test will be performed to determine difference in mean values for primary and secondary outcome measures at baseline and day 14. Because of the exploratory nature of the study, no multiplicity adjustment will be made to P values for secondary analysis, although results will be interpreted with caution if the primary end point does not achieve significance. Adverse events (AEs) will be recorded in detail. AEs occurring before treatment, during active treatment, and after treatment will be summarized separately. The number and percentage of subject experiencing at least one AE of any type will be recorded. Separate summaries will be provided for all AEs, AEs by maximum severity, drug-related AEs, severe AEs, and AEs leading to withdrawal.
RESULTS
This is an exploratory study, and the sample size was chosen according to the principles of the FDA phase 0 guidelines (<15 patients) for the first and second cohorts and with respect to safety as well. We expect that 6 patients in the first and second cohorts will give us safety information and some insight into the potential changes in inflammatory biomarkers.
In the standard-dose cohort, we hypothesize that treatment with SQV+RIT in IPAH patients will result in a 50% reduction in HMGB1. In our preliminary data, the average levels of HMGB1 were 4.16 ± 1.96 ng/mL in healthy volunteers (n = 12), 10.85 ± 4.88 ng/mL in IPAH patients (n = 13), 3.46 ± 2.73 ng/mL in connective tissue disease-associated PAH patients (n = 10), 6.06 ± 1.33 ng/mL in chronic thromboembolic pulmonary hypertension patients (n = 6), and 2.85 ± 1.84 ng/mL in congenital heart diseaseassociated PAH patients (n = 10). These levels were significantly raised in the IPAH group compared with healthy control subjects (P < 0.01), but no significant difference was observed in patients with other type of PAHs compared with healthy control subjects. With power set to 0.90 and α to 0.05 and using a 2-sided test and n ¼ ½ðu α þ u β Þ=ðδ=σÞ 2 þ u 2 α =2, the number of patients needed to show a treatment effect is 12. An additional 15% increase in sample size was included in the design to address possible incomplete data, measurement variation, and dropout. Therefore, the total number is 14 in the standard-dose group. After a 1-month washout period, patients in cohorts 1 and 2 will be able to join the last cohort under their own will, so the total potential number is 14-20. We will endeavor to minimize loss of patient follow-up and resulting missing 
Note: ANP: atrial natriuretic peptide; NT-proBNP: N-terminal pro-brain natriuretic peptide; NYHA/WHO FC: New York Heart Association/World Health Organization functional class; 6MWD: 6-minute walk distance. outcome data. We expect that a sample size of 14 in the standarddose group will be sufficient to detect meaningful changes in inflammation biomarkers. We also expect to see trends in cardiopulmonary hemodynamics and symptom improvement in this group.
DISCUSSION
Inflammation is an increasingly recognized feature of PAH, and this study is the first anti-inflammation therapy trial for IPAH patients, as far as we know. Recent evidence indicates that HIVPIs can improve pulmonary hemodynamics in experimental models of PAH. 34 Experimental evidence also indicates that both TLR4 and HMGB1 participate in the pathogenesis of experimental pulmonary hypertension. 16, [22] [23] [24] [25] [26] We and others have shown elevated circulating HMGB1 levels in IPAH patients. 24 A recent high-throughput screen for inhibitors of HMGB1-induced macrophage activation yielded HIV-PIs as potent inhibitors of HMGB1-induced cytokine production. 31 On the basis of experimental evidence, we propose a pilot trial to determine whether SQV+RIT treatment will suppress inflammation biomarkers and improve pulmonary hemodynamics in IPAH patients. The proposed pilot study has the potential to lead to new insight into the pathophysiology of PAH.
To accelerate the discovery and development of new molecular entities, the FDA released exploratory investigational new drug (IND) guidance in 2006 to support clinical evaluation before dose escalation, safety, and tolerance studies associated with a traditional IND. 43 Three "limited" concepts are described in the guide- Generally, the maximum study duration is 7 days, but the guidance allows considerable flexibility in study design. A recent review 45 describes how the FDA allowed a pharmaceutical company to conduct a phase 0 trial with a dosing period longer than 7 days but no longer than 14 days. SQV+RIT has been widely used in HIV patients with good tolerance. In a pilot study conducted in patients with steroiddependent and steroid-resistant nephrotic syndrome treated with SQV (30 mg/kg/day) for at least 6 months, no adverse drug reaction was reported, apart from transitory mild diarrhea. 35 These data suggested that SQV and RIT are safe and well tolerated in the short term. In our study, the starting dose is designed as 1/50 of the standard dose; 10 times the first dose (1/5 of the standard dose) will be given to the second cohort. Those two groups will include 3 patients each, and the treatment period will be 14 days. We hope that these micro-and low-dose groups will provide some guidance for the design of the standard-dose group and will establish whether SQV+RIT is safe for IPAH patients. If the first two cohorts confirm safety, the last cohort (N = 14) will receive the standard dose of SQV+RIT for 14 days to explore the safety and targeted effect of SQV+RIT in IPAH patients. The primary purpose of this short-term exploratory clinical trial for IPAH patients is to determine whether SQV+RIT reduces HMGB1 and other inflammatory biomarkers in IPAH patients, as seen in experimental models. Furthermore, changes in pulmonary hemodynamics, cardiac function, and exercise ability will be measured. We hope that a significant beneficial change can be achieved with SQV+RIT therapy (especially in the standard-dose group) in this small-sample-size study. This study could provide support subsequent larger phase 2 and 3 studies.
We have chosen to limit the study to patients with IPAH and not those with other subgroups of PAH. This is based, first, on the fact that our preliminary data on elevated HMGB1 levels are only for IPAH patients. In addition, we have excluded other forms of PAH, since many disease-associated factors may influence inflammation in these conditions. For example, systemic inflammation may be a key pathogenic factor in patients with connective-tissue disease. If our study provides evidence that SQV+RIT has efficacy in IPAH patients, studies could be extended to include patients with other etiologies for PAH in the future.
Baseline levels of HMGB1 may be found to vary. If this is the case in our first 6 patients, we will consider using elevated baseline HMGB1 levels as a criterion for inclusion in the third-highest-dose cohort.
In conclusion, this pilot study of SQV+RIT in IPAH patients will address safety and the targeted effects of SQV+RIT on inflammation biomarkers in IPAH patients. We anticipate that the results of the study will provide insights into therapeutic strategies designed to improve aberrant inflammation as drivers of IPAH and potentially other types of pulmonary hypertension.
